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I N T RO D U C T I O N
Knowledge of plate motions in the Indian Ocean has evolved over the last four decades, beginning with the studies that initially incorporated marine geophysical constraints (Bergh 1971; Sclater & Fisher 1974; Schlich 1975; Bergh & Norton 1976; Norton & Sclater 1979; Schlich 1982) , to the comprehensive studies of Patriat (1987) , Patriat & Achache (1984) and Dyment (1993) that portrayed the development of the Indian Ocean Triple Junction (IOTJ) in great detail. Molnar et al. (1988) made an important contribution with the introduction of quantitative estimates of uncertainties in the Euler rotations. The development of gravity fields based on satellite altimetry measurements (Haxby 1987; Sandwell & Smith 1997) , with the consequent ability to map fracture zones in remote areas, led to a further improvement in plate reconstructions (Royer et al. 1988; Royer & Sandwell 1989; Nankivell 1997; Bernard et al. 2005) .
Problems still exist in our knowledge of Indian Ocean Plate motions in the Early Cenozoic. The details of the dramatic slowdown in the northward motion of the Indian Plate around Chron 22 (50 Ma; all ages are from the magnetic polarity timescale of Gradstein et al. 2004 ) and the abrupt change in direction around Chron 20 (42 Ma) correlated, respectively, with the 'soft' and 'hard' collision of India with Eurasia (Patriat & Achache 1984) , are still not clear. Events in other parts of the Indian Ocean are also not well known. For example, spreading in the Mascarene Basin ceased around Chron 27 (61 Ma) (Dyment 1991) following the onset of rifting between the Seychelles-Mascarene Ridge and the west coast of India, but it is not known how quickly this process took place. It has been speculated (Plummer 1996; Dyment 1998 ) that both the Mascarene Ridge and Carlsberg Ridge were active simultaneously for a while and that during this time there was a distinct Seychelles microplate.
Other complexities in studying the Indian Ocean are related to crustal deformation in the Central Indian Ocean between the Indian and Australian plates (Wiens et al. 1985) , the recognition of the Capricorn Plate, the region south of the zone of deformation in the Central Indian Ocean and west of the Ninety-East Ridge, as a separate entity from the rest of the Australian Plate (Royer & Gordon 1997) , and the proposal that the African Plate has also behaved as two or three distinct plates (Lemaux et al. 2002; Horner-Johnson et al. 2007) . Incomplete knowledge of when deformation started and how long it lasted in the various regions, introduces uncertainty in the calculation of Euler rotations.
Another problem in improving reconstructions, has been ambiguities in the mapping of fracture zones on the Southwest Indian Ridge (SWIR) where very slow spreading rates and large changes in spreading direction led to complex topographic signatures (Patriat et al. 1985; Royer et al. 1988; Bernard et al. 2005) . The sparsity of shipboard surveys on the older flanks of the SWIR means that there are often no magnetics data to control the age offsets on these fracture zones in the early Cenozoic.
These problems can be addressed with quantitative methods that solve for the motion between three plates simultaneously. Because of the larger number of constraints involved, three-plate solutions generally are more informative than two-plate solutions and it is possible, for example, to test the effect of omitting various pieces of suspect data. In this paper we apply the statistical methods of Chang (1987 Chang ( , 1988 and Royer & Chang (1991) as applied to threeplate situations by Kirkwood et al. (1999) to the calculation of finite rotation parameters on the three branches of the Central IOTJ for 14 Early Cenozoic magnetic anomalies. The rotations are closely spaced in time so that changes in plate motions can be more accurately portrayed than in previous studies. The solutions were run using four combinations of data: with and without constraints from the Carlsberg Ridge and with and without constraints from the fracture zones on the SWIR, so that potential problems arising from combining these various geophysical constraints could be evaluated. We found that the Carlsberg Ridge was not opening in concert with the Somalia and India (Capricorn) plates prior to Chron 22o, indicating that there was a previously unrecognized period of convergence somewhere in the plate circuit linking the Indian, Capricorn and Somali plates at this time. The three-plate solutions tightly portray the dramatic slowdown and change in spreading direction in the Indian Ocean in the early Cenozoic and we present revised trajectories for the motion of Capricorn with respect to Somalia and Antarctica, and Somalia with respect to Antarctica.
B A C KG RO U N D
The basic tectonic evolution of the Indian Ocean since the breakup of Gondwanaland in the Jurassic was laid out in a classic paper by . The spreading history was further developed in a series of papers in the 1970s by Bergh (1971) , Fisher et al. (1971) , Sclater & Fisher (1974) , Schlich (1975) , Bergh & Norton (1976) and Norton & Sclater (1979) . These papers described the tectonic evolution in large time steps-for example, Norton & Sclater (1979) presented Cenozoic and Late Cretaceous reconstructions for Chrons 16, 22, 29 and 34. A landmark paper by Patriat & Achache (1984) described the late Cretaceous and Cenozoic evolution of the Indian Ocean in much more detail, presenting rotations for the Central Indian Ridge (CIR) and Southeast Indian Ridge (SEIR) at 16 time steps in the Late Cretaceous and Cenozoic. With these closely spaced rotations they were able to show that the time of the major slowdown in spreading rate on the CIR, which is associated with the initial collision of India with Eurasia (Molnar & Tapponnier 1975) , was around Chron 22, and the time of a major change in spreading direction on the CIR, associated with the hard collision of India with Eurasia, was around Chron 20.
S O U T H W E S T I N D I A N R I D G E
Spreading between Africa and Antarctica takes place along the SWIR between the Bouvet Triple Junction and the IOTJ. It is difficult to calculate Euler rotations for the SWIR due its history of very slow spreading rates and the complex pattern of spreading direction changes that dominated its development during the late Cretaceous and early Cenozoic. This left much of the ridge area dominated by very rough topography and difficult-to-interpret magnetic anomalies. The earliest models of spreading on the SWIR could not resolve the complex pattern of spreading direction changes and concluded that spreading could be quantified by a singe Euler pole for the entire late Cretaceous and Cenozoic period (e.g. Norton & Sclater 1979) . However, Patriat et al. (1985) showed that there had been a major counter-clockwise (ccw) change in spreading direction in the late Cretaceous, starting around Chron 32, followed by a large clockwise (cw) change in spreading direction in the early Cenozoic, around Chron 24. The late Cretaceous ccw change in spreading direction generated a very complex pattern of topography along the western part of the SWIR as the large offset Bain transform fault went into extension and was replaced by a set of multiple shortoffset ridge-transform segments (Royer et al. 1988; Sclater et al. 2005) . The cw change in spreading direction around Chron 24 put the Bain transform under compression and the multiple offset ridge Indian Ocean Plate motions 129 segments were replaced by a long offset transform with the original geometry of the Bain transform.
The plate motion changes that caused this remarkable change in ridge configuration are difficult to resolve because of the slow spreading rates and the closely spaced fracture zones that dominate much of the ridge. Patriat (1987) only analysed data from east of the Bain transform and did not use fracture zone azimuths to constrain his rotations but rather used the alignment of the other two ridges at the IOTJ. Royer et al. (1988) used data from west of the Bain transform and incorporated satellite derived gravity data to map fracture zones. Molnar et al. (1988) were the first to assign quantitative errors to Euler rotations in the Indian Ocean, although they only directly calculated rotations for anomalies 20 and 33 on the SWIR. They determined rotations for other anomalies on the SWIR by summing rotations calculated for the CIR and SEIR. Nankivell (1997) used a three-plate method based on Shaw & Cande (1990) to solve for rotations on the SWIR and to quantitatively assign uncertainties, but he used the three plates of South America-Africa-Antarctica. The South America-Antarctica boundary of this three-plate circuit is very poorly constrained; along most of this ridge, which runs across the Weddell Sea, there are only data on the southern, Antarctic flank. To obtain a solution, Nankivell (1997) assumed that spreading was symmetrical on the South America-Antarctic Ridge. Bernard et al. (2005) used the method of Royer & Chang (1991) to determine rotations for anomalies 18, 23, 32, 33 and 34. They also determined a rotation for anomaly 28 although it was constrained solely by fitting fracture zones.
A complexity in using data from the SWIR is the presence of one or more late Cenozoic diffuse plate boundaries near the ridge axis within the African Plate. Several studies have proposed that fitting Euler rotations to magnetic anomalies along the SWIR requires that Africa be considered as two rigid plates, the Nubia Plate in the west and the Somalia Plate to the east (Chu & Gordon 1999; Lemaux et al. 2002; Royer et al. 2006) , with a plate boundary that intercepts the SWIR near the Bain transform. More recently Horner-Johnson et al. (2007) showed that spreading rates along the SWIR axis are best fit by three plates, inserting the Lwandle Plate between the Nubia and Somalia plates. The largest amount of reported deformation along this boundary, about 25 km, is based on an observed misfit in anomaly 5 across the Bain transform reported by Royer et al. (2006) . However, Patriat et al. (2008) showed that there were no apparent misfits for anomalies 6, 8 and 13 across the Bain transform and instead suggested that Royer et al. (2006) had misidentified the location of anomaly 5 on the African Plate west of the Bain transform. We also found that there are no large systematic misfits in the anomalies we analysed across the Bain transform. The effect of the Lwandle-Nubia and Nubia-Somalia rotations determined by Horner-Johnson et al. (2007) are relatively small; in Appendix A, we show that incorporating corrections for these rotations does not have a significant effect on our results. We did not use them in the analysis we present here.
C I R , S E I R A N D C A R L S B E RG R I D G E
Spreading between India and Africa runs from the Gulf of Aden to the IOTJ along the Carlsberg Ridge and CIR. Current spreading rates along this plate boundary varies from very slow on the Carlsberg Ridge to moderately slow on the CIR near the triple junction. However, in the late Cretaceous and early Cenozoic, prior to the large decrease in spreading rate around Chron 22, spreading rates along this boundary were very fast and the anomalies formed at that time are relatively straightforward to identify. Spreading between Antarctica and India (Australia) currently occurs along the SEIR from the IOTJ east to the Macquarie triple junction. However prior to the change in India Plate motion at roughly Chron 20, India and Australia were two plates separated by a spreading ridge that passed through the Wharton Basin and north of Australia Liu et al. 1983) . The early Cenozoic spreading between India, Africa and Antarctica on the CIR and SEIR was mapped in detail by Patriat (1987) . Additional constraints on CIR and SEIR spreading in the early Cenozoic and particularly on the location of the L'Astrolabe and La Boussole fracture zones and the trace of the IOTJ on the Indian Plate were given by Dyment (1993) . A survey of the African flank of the CIR southeast of Reunion mapped the change in spreading direction around Chron 20 as recorded in the topography and magnetic field (Dyment et al. 1999) .
There are several problems in analysing rotations between India and Africa. The first problem is that there has been considerable deformation within the Indian Plate over the last 20 Ma across a broad diffuse plate boundary that runs from the CIR near 5
• S to the Java-Sumatra Trench near 100
• E (Wiens et al. 1985; DeMets et al. 1988) . The portion of the Indian Plate south of this region of deformation was originally considered to form a distinct, separate Australian Plate. An additional diffuse plate boundary, active within the last 8 Ma or so, was later identified within the Australian Plate near the 90
• E ridge (Royer & Gordon 1997) . The portion of the Australian Plate west of that deformation zone was identified as a distinct rigid plate and referred to as the Capricorn Plate. Fortunately, the motion between the Indian Plate and the Capricorn Plate is well constrained by detailed magnetic studies along the Carlsberg and CIRs (DeMets et al. 2005 ) and corrections can be made for this motion when combining data from the Indian side of the Carlsberg Ridge with data from the Capricorn side of the CIR. The diffuse plate boundary between the Capricorn and Australian plates is more poorly constrained and we only use data on the SEIR from west of the 90
• E ridge in our calculation of SEIR rotations for anomalies 13o and 18o. In this paper we calculate rotations between the Somalia, Antarctic and Capricorn plates.
We note that the early studies of and Norton & Sclater (1979) combined data from the Carlsberg Ridge with data from the CIR without a correction for India-Capricorn motion, which was unknown at the time. Molnar et al. (1988) also combined these data sets without a correction, but noted that there may be a problem related to the motion between the Indian and Capricorn plates which was just being recognized when they wrote their paper. Patriat (1987) and Patriat & Achache (1984) avoided this issue because they did not use data from the Carlsberg Ridge to constrain motion between the African and Indian (Capricorn) plates.
A second and more difficult problem is that prior to the large cw change in spreading direction between Africa and India around Chron 20, spreading on the Carlsberg Ridge was offset by a very long transform, the Chagos/Mauritius FZ, from spreading on the CIR. An unresolved issue is whether spreading on these two ridges, as it was occurring, was part of the same two-plate system (India-Africa) or whether some of the motion on the Carlsberg Ridge was taken up on another boundary. This question is pertinent because spreading between Africa and India in the late Cretaceous originally started in the Mascarene Basin around anomaly 34 (Schlich 1982; Masson 1984) . Rifting between India and the Seychelles Bank started around Chron 29 (Norton & Sclater 1979) but spreading in the Mascarene basin did not cease until roughly 130 S. C. Cande et al. Note: Gradstein et al. (2004) .
Chron 27 (Dyment 1991) . Thus, for several million years spreading was occurring both in the Mascarene basin and on the Carlsberg Ridge simultaneously and during this time there would have been a distinct Seychelles microplate that developed between the two active ridges (Masson 1984; Dyment 1991; Plummer 1996; Todal & Eldholm 1998; Royer et al. 2002) . The time of the initiation and cessation of motion of this microplate is not known. Another unresolved issue is the role of the Amirante Trench along the south side of the Seychelles Bank. Originally this feature was thought to have been the locus of subduction in the late Cretaceous and earliest Cenozoic (Fisher et al. 1968; Masson 1984; Mart 1988; Dyment 1991; Plummer 1996) based, in large part, on a single K-Ar date of 82 Ma on a dredged basalt collected in the 1960s. However, Stephens et al. (2009) recently analysed a fresh gabbro from a dredge collected in the 1990s (Tararin & Lelikov 2000) and obtained a much younger Ar-Ar date of 52 Ma, throwing into question the age and origin of the feature. In addition, there may also have been spreading, which continued until as late as Chron 24 in the Gop Basin, on the north side of the Carlsberg Ridge (Yatheesh et al. 2009) . In this paper we will show that, in addition to the well-documented motion between the Indian and Capricorn plates since 20 Ma, spreading on the Carlsberg Ridge does not follow the same Euler rotations as the rest of the CIR prior to Chron 22. A final problem is that the pattern of magnetic anomalies and fracture zones that developed on the Carlsberg Ridge in the early Cenozoic is very complex. The magnetic anomaly pattern is severely disrupted by several propagating ridges that were active in this period (Dyment 1998; Chaubey et al. 2002) and there is a lack of well-mapped fracture zones. As a consequence it is difficult to reconstruct the original ridge geometry when fitting magnetic anomalies from the two ridge flanks . In particular Royer et al. (2002) noted that there is an along-isochron 'sliding problem' when positioning India relative to Africa. They proposed a series of fits for anomalies 20 to 26 on the Carlsberg Ridge that moved Africa about 60 kms west relative to India compared to the earlier fit of Molnar et al. (1988) . Our reconstructions suggest that the position of Africa was closer to the original position proposed by Molnar et al. (1988) .
T H I S S T U DY
In this study we calculated three-plate solutions for anomalies 13o, 18o, 20y, 20o, 21y, 21o, 22o, 23o, 24o, 25y, 26y, 27y, 28y and 29o (See Table 1 for ages). Because of the problems discussed above concerning (1) identifying and dating fracture zone segments on the SWIR and (2) incorporating data from the Carlsberg Ridge with the CIR, we calculated four sets of rotations. The first set of rotations (Set 1: 'Basic') used data from the CIR, SEIR and SWIR but without any fracture zone constraints from the SWIR or data from the Carlsberg Ridge. For the second set of rotations (Set 2: 'With SWIR FZs') we used synthetic flowlines based on the first set of rotations to assign ages to portions of fracture zones on the SWIR near the Bain fracture zone and then calculated a set of rotations in which SWIR fracture zones were added to the 'Basic' data set. The third set of rotations (Set 3: 'With Carlsberg') added magnetics data from the Carlsberg Ridge to the 'Basic' data set. Finally we calculated a fourth set of rotations (Set 4: 'All') in which data from the Carlsberg Ridge and the SWIR fracture zones were added to the 'Basic' data set.
D ATA
The magnetic anomaly and fracture zone data used to constrain the rotations are shown in Figs 1-5. The magnetic anomaly data set was constructed mainly from a data compilation put together in the early 1990s under the aegis of the Indian Ocean Data Compilation Project (IODCP, Sclater et al. 1997) . Additional data were taken from sources that were not included in the IODCP including surveys of the Carlsberg Ridge Royer et al. 2002) , a survey of the African flank of the CIR southeast of Mauritius near the location of the Chron 20 change in spreading direction (Dyment et al. 1999 ) and many transits across the SWIR (Patriat et al. 2008) . The magnetic anomaly picks in the IODCP compilation were vetted by us and occasionally modified. For example, magnetic anomaly picks on the SWIR west of the Bain fracture zone were modified to better conform to the original picks in the work of Royer et al. (1988) . Constraints for the L'Astrolabe and La Boussole fracture zones on the Indian Plate were taken primarily from Dyment (1993) . Data from the northern flank of the Carlsberg Ridge (Fig. 5) , located on the Indian Plate, were rotated back to their positions relative to the Capricorn plate using the 20 Ma (anomaly 6no) India-Capricorn rotation of DeMets et al. (2005) . This rotation (Lat. = 3.08
• S, Long. = 75.79
• E, Angle = 3.22
• ) is well constrained and the uncertainty ellipses on the rotated points are small ( For data set 1 ('Basic'), rotations were calculated for anomalies 13o to 29o. For data set 2 ('With SWIR FZs') rotations were calculated for anomalies 20y to 29o. For data sets 3 and 4 ('With Carlsberg' and 'All'), which incorporated Carlsberg Ridge data, rotations were only calculated for anomalies 20y to 26y since prior to anomaly 26y the spreading between India and Africa was taken up in whole or in part in the Mascarene basin.
After the calculation of the first set of rotations ('Basic'), synthetic flowlines along the SWIR were calculated using the new rotations (Fig. 6a) . It was observed that although these synthetic flowlines captured the basic change in spreading direction on the SWIR, in detail the flowlines were not very smooth. It was also apparent that constraints from the Bain fracture zone splays would smooth out the fluctuations in the synthetic flowlines. Consequently, the synthetic flowlines were used to assign ages to three splays of the Bain fracture zone and two fracture zones, the DuToit and an unnamed one, 150 and 500 km west of the Bain fracture zone, respectively. These five fracture zone splays were then digitized ( Fig. 7 ) and roughly 60 km long sections were included in the constraints for each rotation in the second set of rotations ('With SWIR FZs'). As we will discuss later, trajectories based on rotations using the SWIR fracture zone constraints are much smoother (Fig. 6b) .
M E T H O D
We followed the method of Hellinger (1981) and determined reconstruction parameters by dividing the data into multiple segments and fitting great circles to the reconstructed data in each segment. The magnetic anomalies and fracture zones were used to define up to 25 segments. We used the best-fitting criteria and statistical techniques of Chang (1987 Chang ( , 1988 , Royer & Chang (1991) and Kirkwood et al. (1999) to calculate rotation parameters and estimate uncertainty ellipses. This method requires that an estimate of the error in the position be assigned to every data point. Although it is possible to assign a separate error estimate to each data point, varying it, for example, for the type of navigation, this level of detail was beyond the scope of this study. Instead, based on our experience with other data sets, we generally assigned an estimate of 3.5 km for all magnetic anomaly points and 5 km for all fracture zone crossings. One major exception to this rule was that we assigned an error estimate of 5 km to anomaly points older than anomaly 24o on the SWIR west of the Bain fracture zone where data coverage is particularly sparse and anomaly identifications are difficult due to the slow spreading rates. In places where we applied corrections for intraplate deformation (e.g. India-Capricorn) we assigned an error estimate of 6 km to the anomaly points.
The quantitative method we used for fitting tectonic constraints requires that a minimum of three data points are present along any segment that is going to be included in the solution (two on one flank of the ridge and one on the conjugate side). Hence only picks, which met this requirement were used. We also tended to be very cautious in including picks along the SWIR since anomaly identifications are often problematical. In fact, one advantage of calculating a threeplate solution is that fewer data are needed from any one-plate boundary and, consequently, one can be more conservative in the choice of magnetic anomaly picks.
As part of the solution using the Chang (1987 Chang ( , 1988 ) method a statistical parameter,κ, is returned which is an evaluation of the accuracy of the assigned errors in the location of the data points. Ifκ is near 1, the errors have been correctly assigned; ifκ is 1 the errors are overestimated; and ifκ is 1 the errors are underestimated. For most of our data sets, the value ofκ was near 1, indicating that the error estimates were reasonable. For Chrons whereκ was greater than 1, the error values were overestimated by the √κ , and for Chrons whereκ was less than 1, errors were underestimated by the √κ . Although aκ of 1.0 could be obtained by dividing the original error estimates by √κ , this rescaling makes no difference in the location of the poles and only a minor difference in the size of the uncertainty ellipses for all of these rotations. Consequently, for the sake of consistency, we cite the results using the original error estimates.
R E S U LT S
Rotations and covariance matrices for the four sets of data constraints are presented in Tables SWIR, respectively. As a demonstration of the accuracy of the rotations, Figs 2-4 also show the data picks from the CIR, SEIR and SWIR rotated to their conjugate locations using the 'With SWIR FZs' rotations constrained with data set 2.
For all three ridges (CIR, SEIR and SWIR) the rotations constrained by data set 1 ('Basic') have the largest error ellipses and produce pole paths that zigzag back and forth around the other pole paths. Adding constraints from the SWIR fracture zones (data set 2) reduces this zigzagging substantially for all three ridges, and adding the Carlsberg Ridge constraints (data sets 3 and 4) leads to a very smooth pole path for the CIR and SEIR. An unexpected result is that the two sets of rotations constrained with data from the Carlsberg Ridge (sets 3 and 4) diverge from the two sets of rotations that do not include Carlsberg Ridge constraints (sets 1 and 2) prior to anomaly 22o. We discuss the implications of this finding at length in a later section.
In Figs 8-10 the rotation poles from previous classical two-plate reconstructions are shown for comparison. The agreement between the Patriat (1987) rotations and our new rotations constrained with data sets 1 and 2 is often good although the anomalies for which there is good agreement are not the same on the CIR and SEIR highlighting the difficulty in obtaining a perfect three-plate closure as noted by Patriat & Segoufin (1988) . An unexpected result of this comparison is that the zigzag pole path of Patriat (1987) , from reconstructions constrained by a minimum number of fracture zones, is more like our results than the almost straight path of Royer & Sandwell (1989) and Royer et al. (1988) , which were based on reconstructions made with strong constraints from fracture zones based on detailed satellite mapping. Zigzaging paths could be a reflection of the necessary motion adjustments of each plate with respect to the other two. The three-plate reconstruction is clearly a powerful method to tackle these difficulties.
T R A J E C T O R I E S A N D S P R E A D I N G R AT E S
An instructive way to look at the motion predicted by the new rotations is to plot trajectories and spreading rates at several points along the plate boundary. To calculate the spreading rates we used ages from the geomagnetic polarity timescale of Gradstein et al. (2004) (GOS04) . We used GOS04 rather than Cande & Kent (1995) (CK95) because GOS04 gave a smoother spreading rate history around Chrons 24 and 18 and therefore is probably more accurate in this time interval. We illustrate the difference in the two timescales. This difference reflects the use of a different set of calibration points in the early Cenozoic by GOS04, and especially by the age adjustment of a long contentious calibration point within Chron C21n (Gradstein et al. 2004) .
C I R A N D S E I R T R A J E C T O R I E S A N D S P R E A D I N G R AT E S
The predicted motion of three points on the Capricorn Plate since anomaly 29o, two relative to the Somalia Plate (Cap-Som) and one relative to the Antarctic Plate (Cap-Ant), is shown in Fig. 12 . For clarity we only show the trajectories for two of the four rotation sets ('With SWIR FZs' and 'With Carlsberg'; sets 2 and 3) and omitted uncertainty ellipses. In Figs 13a and b we zoom in on one of the Cap-Som trajectories and the Cap-Ant trajectory, respectively, and show the trajectories for all four rotation sets with their 95 per cent confidence zones between anomalies 24o and 13o. These figures confirm that the 'Basic' rotations (data set 1) are not well constrained, with large uncertainty ellipses, and predict trajectories that zigzag around. The trajectories constrained by the 'With SWIR FZs' rotations (data set 2) are considerably smoother than the 'Basic' trajectories but still have relatively large 95 per cent confidence zones and moderate zigzags between anomalies 22o and 20y. The two rotation sets constrained by the Carlsberg magnetic anomaly picks, data sets 3 and 4, give the smoothest paths for anomalies 22o to 20y, although they deviate from the 'Basic' and 'With SWIR FZs' trajectories prior to anomaly 22o. A distinct kink in both the 136 S. C. Cande et al. Cap-Som and Cap-Ant trajectories is observed in all four rotation sets at anomaly 20o; a straight line can be drawn through the 95 per cent confidence zones for all trajectories between anomalies 22o and 20o. Spreading rates for the same representative points for the CIR and SEIR based on the 'With SWIR FZs' rotation set are shown in the insets in Figs 13a and b, respectively. Error bars for the spreading rates were estimated by calculating stage poles for each interval and using the covariance matrices of the stage poles to plot a 95 per cent confidence ellipse for each step in the trajectory. The uncertainty in spreading rates on the CIR and SEIR varied between 4 and 8 per cent.
The spreading rate history shows that both the CIR and SEIR underwent long continuous slowdowns starting around Chron 23o (51.9 Ma) and ending around Chron 21y (45.3 Ma), an interval of 6.6 Ma, during which time the spreading rates dropped from 120 to 40 mm yr -1 on the CIR and from 140 to 60 mm yr -1 on the SEIR. 
S W I R T R A J E C T O R I E S A N D S P R E A D I N G R AT E S
In Fig. 14 we show the predicted motion of four points on the Somalia Plate with respect to Antarctica (Som-Ant) along the SWIR. For clarity, as in Fig. 12 , we only show the motion for two of the rotation sets ('With SWIR FZs' and 'With Carlsberg'; 2 and 3) and we omit the uncertainty ellipses. In Fig. 15 we zoom in on the central part of the trajectory starting at 40 • S, 45
• E and show trajectories for all four rotation sets with their confidence ellipses. As for the Cap-Som and Cap-Ant trajectories, the trajectory based on data set 1 ('Basic') flips back and forth around the smoother trajectories based on the other data sets. The trajectory constrained by the SWIR FZs (data set 2) is the smoothest and has the smallest uncertainty ellipses. The trajectory constrained only with the Carlsberg data (data set 3) zigzags back and forth for anomalies 20y to 22o, although within the uncertainties of the other trajectories, and then deviates from the other trajectories prior to anomaly 22o. This difference is significant for anomaly 24o and becomes larger for anomalies 25y and 26y. The trajectory based on rotation set 4 ('All') is also smooth but does not follow as sharp a curve prior to anomaly 24o as the trajectory based on rotation set 2 ('With SWIR FZs'). Thus, as with the Cap-Som and Cap-Ant trajectories, the Som-Ant trajectories reflect the divergence in poles prior to anomaly 22o between rotation sets constrained with and without Carlsberg data. It is important to note that the characteristic and uncommon continuous change of direction of the SWIR fracture zones before anomaly 20 is already obtained with data set 1 which does not use any constraints from SWIR fracture zones, themselves.
The record of spreading rate changes on the SWIR is shown in the inset in Fig. 15 . The uncertainty in spreading rate on the SWIR varied between 10 and 30 per cent. The spreading rates are more poorly constrained than on the CIR and SEIR due to the 138 S. C. Cande et al. much slower overall spreading history. For clarity, we dropped the point for anomaly 25y on these plots since the interval between 25y and 26y at the slow spreading rate, and with these errors, was too short to give a meaningful answer. However, it is clear that there is a gradual increase in spreading rates starting around Chron 24o or 23o and continuing until Chron 20o. The spike between Chrons 20o and 20y, another short time interval, is also probably an artefact.
M I S F I T O F T H E C A R L S B E RG R I D G E DATA P R I O R T O A N O M A LY 2 2 o
Perhaps the most unexpected result in this study is the divergence in the rotation poles prior to anomaly 22o for all three ridges depending on whether or not the data sets contain constraints from the Carlsberg Ridge. This shows up very clearly in Figs 8 and 9 showing the CIR and SEIR rotations. The rotations constrained by the Carlsberg Ridge data (data sets 3 and 4; 'With Carlsberg' and 'All') are very similar to the rotations constrained by data set 2 ('With SWIR FZs') for anomalies 20y, 20o, 21y, 21o and 22o. However, starting with anomaly 23o there is a progressively larger difference between rotations constrained with versus without the Carlsberg data. Although this is not completely unexpected for anomaly 26y, since spreading in the Mascarene Basin may have continued at a very slow rate after the main axis of India-Africa spreading jumped to the north side of the Seychelles around Chron 27 (Todal & Edholm 1998; Royer et al. 2002) , it is surprising to see a difference in poles as young as Chron 23o.
The reason for the divergence in the rotation poles prior to anomaly 22o is apparent from Fig. 16 in which data points from the East Somali Basin (south flank of the Carlsberg Ridge) have been rotated back to their conjugate position in the Arabian Basin using rotations from data set 2 ('With SWIR FZs'). The covariance matrices associated with these rotations are used to calculate uncertainty ellipses for each of these rotated points. There is very good agreement between the rotated and fixed positions of anomalies 20y to 22o. This good agreement argues against the misfit being due to a poorly constrained Neogene (anomaly 6no) Capricorn-India rotation. However, starting with anomaly 23o, anomaly picks on the Carlsberg Ridge have a larger-than-predicted separation, increasing to over 100 km for anomaly 26y. The sense of this misfit is unexpected since, if the reason for the misfit is due to spreading between India and Africa that occurred on another subparallel ridge, for example, in the Mascarene Basin or the Gop Basin (Yatheesh et al. 2009 ), then one would measure a smaller-than-predicted separation across the Carlsberg Ridge. The sense of the misfit, instead, requires that there is a similar amount of previously unrecognized convergence somewhere in the plate circuit linking the Somalia, India and Capricorn plates.
We note that we can rule out the misfit being due to some missing plate motion outside of the Somalia-India-Capricorn Plate circuit (i.e. in the Somalia-India-Antarctic Plate circuit) because the rotations for the CIR and SEIR constrained with data sets 1 and 2, excluding Carlsberg data, agree very well with the rotations determined by Patriat (1987) and Royer & Sandwell (1989) there could be missing plate motion in the Somalia-India-Capricorn Plate circuit and still have the three-plate solutions agree with the two-plate solutions for these two ridges.
M I S S I N G C O N V E RG E N C E I N T H E S O M A L I A -I N D I A -C A P R I C O R N P L AT E C I RC U I T
The missing convergence within the Somalia-India-Capricorn Plate circuit prior to Chron 22o might have occurred either within the African (Somali) or Indian Plate. If it occurred within the Somali Plate, the most likely location of a missing boundary is probably across the Amirante Ridge-Trench structure, the enigmatic feature speculated to have been a convergent boundary in the late Cretaceous and earliest Cenozoic (Fisher et al. 1968; Miles 1982; Masson 1984; Mart 1988; Dyment 1991; Bernard & Munschy 2000) . This feature was thought to have been active mainly in the late Cretaceous based on a single radiometric age of 82 Ma measured by Fisher et al. (1968) . However, Stephens et al. (2009) analysed more recently acquired dredge samples from the Amirante Ridge and obtained a radiometric date of 52 Ma on a fresh gabbro, which is very close to the end of the period of missing plate motion. Alternatively, if the missing plate motion occurred within the Indian Plate there are no obvious candidates for where the boundary may have been located. To suggest two places, we note that the motion could have been accommodated either by a short-lived convergent boundary along the western margin of India or by a deformation zone east of the Chagos-Laccadive Ridge in the approximate location of the current India-Capricorn diffuse plate boundary. Such a 'proto' India-Capricorn deformation zone would be difficult to detect since it would have developed in young, thinly sedimented crust, and then would have been buried beneath the thick Neogene sediments coming from the Himalayas and, finally, overprinted by the current India-Capricorn convergent motion. We can quantify the amount of missing motion in the Somalia-India-Capricorn Plate circuit by summing our best CIR rotations that do not use the Carlsberg Ridge constraints (rotation set 2, 'With SWIR FZs') with the rotations of Royer et al. (2002) , which are based only on Carlsberg Ridge data. This analysis requires some background discussion because of another long-term problem, which is the difficulty of fitting the Indian Plate back to Africa across the Carlsberg Ridge parallel to the isochrons, due to the lack of good fracture zone offsets in the Arabian Basin and East Somali Basin. As noted in the background section, Molnar et al. (1988) used the fit of the Chagos Ridge to the Mauritius FZ and the Chain Ridge to the Owen Ridge as a major constraint on the fit of India and Africa. The more recent work of Royer et al. (2002) used detailed surveys of the magnetic anomalies and propagators in the Arabian Basin and East Somali Basin to constrain a revised alignment of features in the two basins. The rotations of Royer et al. (2002) moved Africa about 60 km to the west relative to India in reconstructions of anomalies 20 to 26 compared to the rotations of Molnar et al. (1988) . Euler poles, with their 95 per cent confidence ellipses, for the SEIR for the four rotation sets described in the text. Note that the Euler poles that include Carlsberg Ridge constraints (sets 3 and 4: 'With Carlsberg' and 'All') diverge from the other two sets of Euler poles prior to anomaly 22o. Gold stars connected by the gold line show Euler poles of Patriat (1987) , red stars connected by a red line show Euler poles of Royer & Sandwell (1989) .
Our work shows that this issue is still unresolved. This is apparent in Fig. 17 in which we compare different sets of Somalia-India (Som-Ind) rotations. We first calculated Som-Ind rotations based on our data constraints by summing the 'With SWIR FZs' (data set 2) Som-Cap (CIR) rotations with the anomaly 6no Cap-Ind rotation of DeMets et al. (2005) 21y, 21o and 22o, a period when the four sets of Som-Cap rotations calculated in this paper agree with each other. The sense of the discrepancy in terms of plate motion shows up well in a comparison of Som-Ind trajectories based on the rotations of Royer et al. (2002) , Molnar et al. (1988) and our 'With SWIR FZs' Som-Ind rotations. Fig. 18 shows a point on the Somali Plate rotated back to the Indian Plate for several time steps and for these three sets of rotations. The points rotated by the 'With SWIR FZs' Som-Ind rotations fall about 60 km east of the Royer et al. (2002) constrained points for anomalies 20y to 22o. Interestingly, they also fall along the same line as points rotated by the Molnar et al. (1988) . We only plotted trajectories based on the 'With SWIR FZs' rotations back to anomaly 22o because of the pre-anomaly 22o missing plate motion problem.
The difference between the Royer et al. (2002) rotations and the 'With SWIR FZs' Som-Ind rotations between anomalies 20y and 22o could be due to some additional unrecognized motion within the Indian-Capricorn-Somali Plate circuit between anomalies 20y and 6no, but it more likely reflects difficulties in properly aligning the Somali and Indian plates across the Carlsberg Ridge since the misfits are parallel to the isochrons. We demonstrate this in Fig. 19 in which we show the anomaly 22o picks on the Somali Plate rotated back to the Arabian Plate using both the Royer et al. (2002) anomaly 22o rotation and the 'With SWIR FZs' Som-Ind anomaly 22o rotation. We have highlighted three of these points, showing the uncertainty ellipses for the points rotated by the 'With SWIR FZs' rotations. The Royer et al. (2002) Age (Ma) Figure 11 . Comparison of spreading rates on the SEIR for a trajectory starting at 0 • S, 85 • E constrained by rotation set 2 ('With SWIR FZs') for two different magnetic polarity timescales: CK95 and GOS04. The GOS04 timescale leads to a smoother set of spreading rate variations in the early Cenozoic and is used throughout this study.
about 60 km to the west of the 'With SWIR FZs' rotation. The misfit appears to be a simple sliding-along-the-isochron problem since both rotations are consistent with all of the magnetic anomaly picks. 
A N O M A LY 2 6 y t o 2 2 o S TA G E P O L E S F O R T H E M I S S I N G M O T I O N
Since the difference between the Royer et al. (2002) rotations and the 'With SWIR FZs' Som-Ind rotations for anomalies 22o and younger appears to be due to a simple and uniform misalignment, we decided to use the Royer et al. (2002) rotations to quantify the missing plate motion in the Somalia-Capricorn-India Plate circuit between anomalies 26y and 22o with the caveat that there is an offset corresponding to the along-isochron sliding. We did this both assuming the extra plate motion is within the Somalia Plate and assuming it is within the Indian Plate. We quantify the amount of convergence within the Somali Plate (e.g. across the Amirante Trench) by summing the Royer et al. (2002) Som-Ind rotations, the DeMets et al. (2005) Ind-Cap anomaly 6no rotation and the Cap-Som rotations based on data set 2 ('With SWIR FZs') to calculate motion within the Somali Plate (Table 6 ). If we assume the motion is across the Amirante Trench and represents convergence between a Seychelles microplate and the main Somali Plate (Fig. 20) then the rotations represent finite rotations for the motion of the Seychelles microplate relative to Somalia (Sey-Som). We combine the two Sey-Som finite rotations (anom 26y inv + anom 22o) to determine a stage pole for the forward motion of the Seychelles microplate relative to Somalia between anomalies 26y and 22o (Table 7 ) (heavy red ellipse, large red diamond in Figs 5 and 20) . This stage pole predicts 110 km of convergence across the Amirante Trench and 180 km of convergence across the northern extension of this boundary between Chrons 26y to 22o. Estimates of this motion, with 95 per cent confidence limits based on the covariance matrix, are shown by the small red lines and small red ellipses in Figs 5 and 20. In our interpretation, the anomaly 22o Sey-Som finite rotation represents the motion due to the 'along-isochron sliding' issue with the Royer et al. (2002) rotations that we noted earlier.
Alternatively, we calculated rotations assuming the missing convergent motion in the Somalia-Capricorn-India Plate circuit took place within the Indian Plate by summing the same rotations, but in a slightly different order: India-Capricorn, Capricorn-Somalia and Somalia-India (Table 6 ). These rotations represent the motion of the more southeasterly part of the Indian Plate (Ind2) relative to the more northwesterly part of the Indian Plate (Ind1). As for the Somali Plate case, we combined the anom 26y and 22o rotations (anom 26y inv + anom 22o) to determine a stage pole for the forward motion of Ind2 relative to Ind1 between anomalies 26y and 22o (Table 7) It is interesting to note that in both cases (motion within the African Plate or motion within the Indian Plate) the anom 26y to 22o stage pole was located over the then-active part of the long north-south transform boundary linking the southern part of the CIR to the Carlsberg Ridge: relative to the Somali Plate it lies over the Mauritius FZ (red ellipse, red diamond, Fig. 20 ) and relative to the Indian Plate it is over the middle part of the Chagos-Laccadive Ridge (blue ellipse, blue diamond, Fig. 20 ). At this time the Reunion hotspot was also beneath the active part of the transform boundary. In fact, coincidentally, Deep Sea Drilling Project site 517, with an age of 56.6 Ma, is located very close to the anom 26y to 22o stage pole relative to the Indian Plate (Fig. 5) .
Of the three alternative locations for accommodating missing plate motion in the plate circuit that we present here, we believe the two west of the CIR (a separate Seychelles microplate or convergence along the western Indian margin) are the most probable. The presence of the Reunion hotspot beneath the long transform boundary linking the CIR to the Carlsberg Ridge would weaken that boundary and might enable the development of independent motion across a convergent zone radiating away from the Chagos-Laccadive Ridge. The Seychelles microplate option is a particularly strong candidate. Gravity modelling (Miles 1982) indicates that the Amirante Trench was likely the site of some subduction although the extent of subduction is not clear. Although Stephens et al. (2009) reported that the samples in the dredge hauls from the Amirante Ridge that they analysed do not appear to be arc related, their radiometric age (52 Ma) corresponds very closely to the time of the cessation of motion (anomaly 22o). One potential problem is that the Amirante structure ends around 6
• S, 53
• E while a distinct microplate that existed until Chron 22o would have extended to about 5
• N (Figs 5 and 20) . Although there is no obvious fossil plate boundary north and west of the Amirante Trench, the rotations predict more, not less, convergence in this region. We speculate that the motion was distributed over a broad diffuse boundary, which, at the time it was deforming, would have been in relatively young oceanic crust and therefore did not leave a prominent gravity or topographic signature. Although we have not considered driving forces, we note that the kinematics of our model has similarities with the model of Mart (1988) in which he proposed that accretion between the Seychelles and India caused the Seychelles block to converge with the northern Mascarene Basin in the Palaeocene and Eocene. It is important to determine the location of the missing plate motion. If it occurred within the Somali Plate or along the western continental margin of India, then India-Somalia rotations based solely on Carlsberg Ridge data (e.g. Royer et al. 2002) will not reflect true India-Somali motion prior to Chron 22o. Alternatively, if the motion occurred within the Indian Plate east of the Chagos-Laccadive Ridge, then the Capricorn-Somali rotations that we have calculated in this study do not reflect India-Somali motion prior to Chron 22o.
I M P L I C AT I O N S
A future task, beyond the scope of this paper, is to sum our revised Capricorn-Somalia Plate rotations with the plate circuit linking the African, North American and Eurasian plates and derive updated motions for India with respect to Eurasia. This is not a trivial step since the best constrained rotations available for the Africa-North America (Müller et al. 1999) and North America-Eurasia (Gaina et al. 2002) are not at the same time intervals as the ones we report here and, just as troublesome, some of the Africa-North America rotations are not at the same time intervals as the North America-Eurasia rotations. Consequently, calculating rotations at the level of detail as we do here (roughly every 2 Ma) requires interpolating between these other rotations and these interpolations tend to produce abrupt, short period, changes in motion which are artefacts of the interpolations.
Nonetheless, our study has implications for the India-Eurasia collision. First, the slowdown in Capricorn-Somalia motion between anomalies 23o and 21y is so large that it will be mirrored in India-Eurasia motion and thus date the India-Eurasia slowdown. The slowdown started around anomaly 23o (51.9 Ma). Second, our study points out the importance of determining the location of the deformation in the India-Capricorn-Somalia Plate circuit prior to Chron 22o since Capricorn-Somalia has a kink in the direction of relative motion at Chron 22o that is much larger than observed in India-Somalia motion. Thus, depending on the location of the convergence (i.e. whether it is east or west of the CIR) the smoothness of the India-Eurasia trajectory will differ at Chron 22o. It is also intriguing that this period of deformation ended at Chron 22o, the time of the India-Eurasia slowdown.
The relationship to coeval tectonic events in the Pacific Ocean has been the object of speculation for a considerable time (e.g. Patriat & Achache 1984; Norton 1995) . The initiation of the Somalia-Capricorn slowdown at 23o is coeval with major changes in spreading direction on the Pacific-Farallon and Pacific-Kula Ridges (Atwater 1989). However it is not known if these tectonic events are related in some way to the Indian Ocean events or if they reflect a more regional Pacific Basin event such as the subduction of the Pacific-Izanagi Ridge (Whittaker et al. 2007) . We note that the recent compilation of radiometric ages along the Hawaiian-Emperor chain by Sharp & Clague (2006) now identifies two distinct events in the development of the Bend in the Hawaiian-Emperor chain: the initiation of volcanism along the Hawaiian trend around 50 Ma and the onset of a faster rate of migration of volcanic activity, marking the completion of the Bend, around 42 Ma, roughly coincident with the times of the two major tectonic events in the Indian Ocean.
S U M M A RY A N D C O N C L U S I O N S
We calculated four sets of Euler rotations for the Capricorn, Somalia and Antarctic plates for 14 time intervals in the early Cenozoic (from anomaly 29o to anomaly 13o) using the Hellinger method as implemented by Royer & Chang (1991) and Kirkwood et al. (1999) . Each set of rotations had a different combination of data constraints. The first set of rotations used a basic set of magnetic anomaly picks on the CIR, SEIR and SWIR and fracture zone constraints on the CIR and SEIR, but did not incorporate data from the Carlsberg Ridge and did not use fracture zones on the SWIR. The second set added fracture zone constraints from the region of the Bain fracture zone on the SWIR which were dated with synthetic flowlines based on the first data set. The third set of rotations used the basic constraints of the first data set plus data from the Carlsberg Ridge. The fourth set of rotations used both the SWIR fracture zone constraints and the Carlsberg Ridge constraints.
We found that the two sets of rotations constrained by the Carlsberg Ridge data diverged from the other two sets of rotations prior to anomaly 22o. This is because the separation of the magnetic anomalies on the Carlsberg Ridge is not consistent with rotations Figure 20 . Three scenarios for accommodating missing convergent motion in the Somali-Capricorn-India Plate circuit prior to anomaly 22o. Scenario 1 (red lines and small red ellipses): convergence within the Somali Plate, for example, between a Seychelles microplate (green) and the main Somalia Plate. Motion within the Somali Plate was estimated by summing the plate circuit Som-Ind, Ind-Cap and Cap-Som. The heavy red ellipse and red diamond shows the location of the anomaly 26y to 22o stage pole for motion of the Seychelles microplate relative to the Somali Plate. Scenarios 2 and 3 (blue lines and small blue ellipses): convergence within the Indian Plate either along the western margin of India or within the Indian Plate east of the CIR. Motion within the Indian Plate was calculated by summing Ind-Cap, Cap-Som and Som-Ind. The heavy blue line and blue diamond shows the location of the anomaly 26y to 22o stage pole for the motion of the more southeasterly part of the Indian Plate (Ind2) relative to the more northwesterly part of the Indian Plate (Ind1).
for the CIR that fit all three branches of the IOTJ simultaneously prior to anomaly 22o. Instead, there is a progressively larger separation of anomalies on the Carlsberg Ridge, starting at roughly 25 km for anomaly 23o and increasing to over 100 km for anomaly 26y.
These data require an extended period of previously unrecognized slow convergence somewhere in the plate circuit linking the Indian, Capricorn and Somali plates during the period between Chrons 26y and 22o. The most likely location for the convergence is between a distinct Seychelles microplate and the main part of the Somali Plate in the region of the Amirante Trench. The sense of the misfit on the Carlsberg Ridge is consistent with roughly 100-150 km of convergence across a compressive boundary that included the Amirante Trench and which extended north to the Carlsberg Ridge axis at Chron 22. Northwest of the Amirante Trench this motion would have been accommodated across a broad zone of diffuse deformation. Alternatively, there may have been slow convergence within the Indian Plate, perhaps along the western margin of India or within the Indian Plate east of the CIR in the region of the current Capricorn-Indian diffuse plate boundary.
Between Chrons 20y and 22o, the rotations constrained by data set 4 ('All') should be the most accurate recorders of motion on all three ridges (SWIR, CIR and SEIR). The CIR Somali-Capricorn motion can be summed with the DeMets et al. (2005) anomaly 6no Capricorn-India rotation to get Somali-India motion. Prior to Chron 22o, the rotations constrained by data set 2 ('With SWIR FZs') should be the most accurate recorders of motion on the SWIR, SEIR and CIR. However, until the source of the missing plate motion within the Somali-India-Capricorn Plate circuit prior to Chron 22o is resolved, it is not clear if the Somali-Capricorn motions summed with anomaly 6no Capricorn-India motion represents true Somali-India motion.
Our work sharpens the dating of the two major Eocene events that Patriat & Achache (1984) recognized in the Indian Ocean: a large but gradual slowdown on the CIR and SEIR starting around Chron 23o (51.9 Ma) and continuing until Chron 21y (45.3 Ma), a period of 6.6 Ma, followed 2 or 3 Ma later by an abrupt change in spreading azimuth on the CIR and SEIR which occurred around Chron 20o (42.8) Ma and which was completed by Chron 20y (41.5 Ma). No change in spreading rate accompanied the abrupt change in spreading direction. These events are coeval with other major tectonic events in the Pacific, Indian and Atlantic Oceans.
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Helpful comments were received from Ian Norton and two anonymous reviewers. Support for this work was provided by NSF grant ANT0944345 to SCC. A stipend from IPGP to SCC supported an extended stay in Paris; stipends from SIO supported extended stays at Scripps by PP and JD. This is IPGP contribution #3043. • E, delta = -0.2122 • ). Because the boundary between the Lwandle and Nubia plates may intersect the SWIR near the Bain fracture zone, we dropped the constraints from the three fracture zone splays within the Bain fracture zone itself and only kept constraints from the two fracture zones west of the Bain (the DuToit and an unnamed one). For the constraints west of the Bain FZ the effect of the correction is to shift the data points about 10 km to the west while for the constraints between the Prince Edward and Simpson FZs the effect is to shift the points about 7 km to the northwest. We then reran the solutions for data set 2 ('With SWIR FZs'). The results ('With Nubia') are shown in Fig. A1 and given in Table A1 . The differences between the rotations with and without the corrections are all relatively small, particularly for the CIR and SEIR rotations. Because there is some uncertainty in the extent of the various diffuse plate boundaries along the SWIR, we decided not to include corrections for these small rotations in our study. 
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